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Summary. The acid-base equilibria of propane 1,2,3-triamine (PTA) and the formation equilibria of 
binary and ternary complexes of palladium(II) with PTA as primary ligand and amino acid, peptide, 
and DNA subunits as secondary ligand have been investigated. Pd(II) is found to form a 1 : 1 complex 
with PTA. The ternary complexes are formed in a stepwise mechanism, whereby PTA first binds to 
Pd(II) and then ligates to the secondary ligand. The hydrolysis of the Pd-PTA complex and the 
deprotonation of the amide residues in the peptide complexes are discussed in relation to physiological 
conditions. 
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Gemischte Palladium(II)-Komplexe mit Propan-l,2,3-triamin als Prim~Migand und Aminos~iuren, 
Peptiden oder DNA-Einheiten als Sekundfirliganden 

Zusammenfassung. Das S/iure-Basen-Gleichgewicht von Propan-l,2,3-triamin (PTA) und die Bil- 
dungsgleichgewichte von bin~ren und tern~iren Komplexen von Pd(II) mit PTA als Prim~irligand and 
Aminos~iuren, Peptiden und DNA-Einheiten als Sekund/irliganden warden untersucht. Pd(II) bildet 
mit P TA einen 1 : 1-Komplex. Die tern~iren Komplexe werden stufenweisc gebildet, wobei P TA zuerst 
an Pd(II) koordiniert; dann erfolgt die Bindung an den Sekund/irliganden. Die Hydrolyse des 
Pd-PTA-Komplexes and die Deprotonierung der Amide in den Peptidkomplexen werden im Zusam- 
menhang mit physiologischen Bedingungen diskutiert. 

Introduction 

Pla t inum group metal  complexes of nucleic acid bases and  their derivative have 
a t t rac ted  considerable  a t ten t ion  because of their a n t i t u m o u r  and  ant ibacter ia l  
activity I-1-5]. The discovery o f c i s -p la t i num as a cancer chemotherapeu t ic  agent  [6] 
a roused m u c h  interest  in equi l ibr ium studies. The biological  activity of c is -p la t inum 

is due to its abil i ty to bind the guaninecytos ine  region of the D N A  st rand and  stop 
the replicat ion process [7, 81. 
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Platinum(II) and palladium(II) form square planar complexes forming cis and 
trans isomers. The cis-complexes are very active. Amino acids are biologically 
important molecules and do not possess toxicity. Several ternary complexes of 
platinum(II) and palladium(II) with amino acids and purines, pyrimidines, and 
nucleosides have been reported [-9-13-1; some of them are biologically active against 
human pathogens [14]. 

In view of the importance of this class of complexes in the chemotherapy of 
tumours and in continuation of our research program directed to study pallad- 
ium(II) complexes of expected antitumour activity [ 15-19-], the present investigation 
traces the formation and characteristics of palladium(II) complexes involving pro- 
pane 1,2,3-triamine and some selected amino acids, peptides, and DNA units. The 
most plausible structure of the formed chelate can be assigned on the basis of 
molecular models. Examining the Newman projection formula of propane 1,2,3- 
triamine indicates that PTA will behave as a bidentate like ethylenediamine. The 
unbound methylamino group may favour hydrogen bonding to DNA units and this 
may stabilize the metal-DNA complexes. 

Results and Discussion 

Protonation equilibria 

The potentiometric titration curve of the protonated ligand H3 L3 + shows three 
deprotonation steps in the pH range of 3.4-10.5. The titration data indicate the 
presence of simple H3 L3 ÷, H2 L2 ÷, and HL + complexes. The potentiometric titration 
curves (calculated (line) and observed (symbol)) of the completely protonated form 
of the ligand are shown in Fig. 1. The concentration distribution diagram of the 
various protonated forms of the ligand is shown in Fig. 2. 

Palladium(II)-PTA equilibria 

The titration data obtained were evaluated taking into consideration all feasible 
models. The equilibrium patterns were selected by successive attempts according to 
the best agreement between observed and calculated data and by means of an 
accurate statistical analysis of the agreement factor (0-2), the goodness of fit (x2), the 
standard deviation (a) of the formation constant, and the chemical significance of the 
species proposed. At this point, all protonation constants were kept constant, and 
the computer program MINIQUAD was employed for a second stage of refinement. 
The accepted model consists of species PdL. After complete formation of the PdL 
complex, the titration curve drifts due to the formation of the hydroxo complexes. 
The data in this region are fitted considering the formation of Pd(P TA)(OH)n species 
where n = 1 and 2. The concentration distribution diagrams of the Pd(PTA)-(OH) 
system is given in Fig. 3. The concentration of the mono-hydroxo species increases 
with increasing pH, attaining a maximum of 100% at a pH range of 7-9. Further 
increase in pH is accompanied by a decrease in the mono-hydroxo species concentra- 
tion and an increase in the di-hydroxo species concentration. This reveals that in the 
physiological pH range the mono-hydroxo complex is the predominant species and 
can interact with bioligands as DNA subunits. 
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Fig. 1. Potentometric titration curves for the P T A  system 
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Fig. 2. Concentration distribution diagram of the various protonated forms of propane 1,2,3-triamine; 
curves: (1) H3L3+; (2) H2L2+; (3) HL+; (4) L 
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Fig. 3. Concentration distribution diagram of the Pd(PTA)-(OH) system; curves: (1) Pd(PTA); 
(2) Pd(PTA)(OH); (3) Pd(PTA)(OH); (3) PD(PTA)(OH)2 

Ternary Pd(II)  complexes 

The potentiometric titration curves of the Pd-PTA complex in the presence and 
absence of glycine are given in Fig. 4 as an example. The formation of a ternary 
complex is ascertained by comparison of the mixed ligand titration curve with the 
composite curve obtained by graphical addition of the glycine titration data to the 
Pd-PTA titration curve. The mixed ligand system was found to deviate from the 
resultant composite curve, indicating the formation of a ternary complex. Based on 
the above findings and since 1:1 Pd(II)-PTA complexes are appreciably more stable 
the 1:1 Pd(II)-secondary ligand complexes (amino acids, peptides, or DNA) [20], it 
seems evident that in presence of both ligands PTA is primarily ligated to the Pd(II) 
ion, occupying two coordination positions. This is followed by ligation of the 
secondary ligand, occupying the remaining coordination positions. 

Histidine is a tridentate ligand and may coordinate in a glycine-like or histamine- 
like way. The stability constant value of the histidine complex is higher than that of 
0~-amino acids and close to that of histamine. This indicates that histidine is 
coordinating in the histamine-like way. Histidine, histamine, cysteine, and penicil- 
lamine (A) are protonated in addition to the deprotonated complex species. The acid 
dissociation constant of the protonated species is given in Ref. [21]. 

p k~(H) - -  l r ~ r v  ?.uPd(PTA) lr~rv k ' P d ( P T A )  
a , ._pd(PTA)(A)(H ) - -  x u b  *x_pd(PTA) (A) (H ) - -  x u ~  a x p d ( P T A ) ( A )  

The pK H value for the histidine complex is 7.11. This value is between that of 
protonated imidazole (pK H= 6.1) and the ammonium group (pKn= 9.05). This 
indicates that the proton in the protonated complex is located partly on the amino 
group and partly on the imidazole group, i.e. two isomers of the protonated complex 
exist in equilibrium. The acid dissociation constants of the protonated complexes of 
cysteine and penicillamine are 8.68 and 8.54, respectively. These values compare 
fairly with their first macroscopic acid dissociation constant (pK H) amounting to 
7.86 and 8.16 (Table 1). This indicates that the proton of the protonated complex will 
be located partly at the NH 2 group and partly at the S - group, i.e. two isomers of the 
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Fig. 4. Potentometric titration curves of Pd(II)-PTA-glycine system 

protonated complex exist in equilibrium [22]. Further investigation of the complex 
formation equilibria and these ligands, containing SH and NH 2 groups, will be 
performed by NMR measurements to shed more light on the complex formation 
ability of these groups. 

The peptides glycyl-valine and leucyl-alanine may coordinate through the 
terminal amino and carboxyl groups with the amide group in the side chain. The 
ligands would then behave like a simple amino acid. Alternatively, they can also 
coordinate through the terminal amino group and the carbonyl oxygen of the amide 
group. A third possibility, involving the carboxyl and the amide group, can be safely 
ruled out in view of the great affinity of palladium to nitrogen donor centers. There is 
no conclusive evidence so far to exclude one or the other of these possibilities. From 
the fact that log fillo for the peptide complexes compare favourably with that of 
e-amino acids, if the difference in their basicities are considered, one can assume that 
the peptides probably coordinate as simple amino acids. The pK~ of the peptide 
complexes ( logf l l~o-logfi~l_l)  are 8.21 and 8.02 for glycyl-valine and leucyl- 
alanine, respectively. These values are higher than those of Pd(en) 2 + complexes with 
peptides [23]. The stability of the peptide complexes provides the driving force for 
the deprotonation. The higher pK a values of the peptide complexes under investiga- 
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Table 1. Format ion  constants of mixed ligand complexes 
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System 1 p q" log B b S c 

PTA-H + 0 1 1 9.86(0.01) 1.2 x 10 .7  

0 1 2 17,93(0.02) 

0 1 3 21.65(0.03) 

(Pd-PTA)-OH 1 0 - 1 - 5.30(0.04) 4.9 x 10 - s  

1 0 - 2  - 16.67(0.05) 

Glycine 0 1 1 9.45 (0.00) 1.0 x 10- 9 

1 1 0 6.16(0.04) 2.0 x 10 .7 

Alanine 0 1 1 9.59 (0.00) 7.7 x 10- 7 

1 1 0 6.38(0.04) 2.4 x 10 .7 

Proline 0 1 1 10.49 (0.01) 3.8 x 10- s 

1 1 0 6.58(0.02) 1.1 x 10 .7 

Metbionine 0 1 1 9.12(0.00) 1.6 x 10 - s  

1 1 0 6.09(0.03) 1.8 x 10 .7  

Imidazole 0 1 1 7.07(0.00) 3.1 x 10-s  

1 1 0 4.22(0.01) 8.6 × 10 .9  

Inosine 0 1 1 8.78 (0.00) 2.6 x 10- 8 

1 1 0 3.96(0.06) 2.2 x 10 - s  

Guanosine 0 1 1 8.88 (0.00) 2.3 x 10- s 

1 1 0 4.43(0.06) 2.2 x 10 - s  

Cysteine 0 1 1 10.15(0.02) 7.8 x 10 - s  

0 1 2 18.31 (0.03) 

1 1 0 5.79(0.04) 5.4 x 10 - s  

1 1 1 14.45 (0.05) 

Pencillamine 0 1 1 10.41 (0.02) 2.6 x 10 v 

0 1 2 18.27 (0.04) 

1 1 0 6.05(0.04) 5.1 x 10 - s  

1 1 1 14.64 (0.04) 

Histidine 0 1 1 9.05 (0.01) 1.6 x 10- 7 

0 1 1 15.15(0.01) 

1 1 0 8.52(0.05) 5.2 x 10 - s  

1 1 1 15.63 (0.04) 

Histamine 0 1 1 9.84 (0.01) 1.1 x 10- 7 

0 1 2 16.07 (0.01) 

1 1 0 8.85(0.06) 1.1 x 10 .7 

1 1 1 15.34(0.05) 

Glycyl-L-valine 0 1 1 8.24(0.01) 2.8 x 10 - s  

1 1 0 4.65(0.07) 2.6 x 10 .7 

1 1 - 1 - 4.43 (0.08) 

DL-leucyl-DL-alanine 0 1 1 7.70(0.01) 8.8 x 10 - s  
1 1 0 4.72(0.07) 2.7 x 10 -7 

1 1 - 1 -- 3.70 (0.07) 

Symbols l,p, q are the stoichiometric coefficients corresponding to Pd(II)-PTA, ligand, and H +, 

respectively; b standard deviations are given in parentheses; ~ sum of square of residuals 
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tion are due to their relatively lower stability compared to Pd(en) 2+ analogs. The 
lower stability is a result of the steric interaction between the aminomethyl group of 
P TA and the bulky alkyl group of the entering peptide. 

The relative magnitudes of pK a of the peptide complexes have interesting 
biological applications. Under normal physiological conditions (pH ca. 7.4), 
[Pd(PTA)] 2+ can catalyze the deprotonation of the amide group. The catalytic 
action would be very specific under physiological condition. The slight difference in 
the side chain of the peptides will produce dramatic differences in their behaviour 
towards the palladium species. 

Mixed ligand complexes of P d - P T A  with the nucleosides inosine and guanosine 
were investigated. Their formation constants, given in Table 1, are smaller than 
those of amino acids. This reveals that the amino acids will compete with DNA for 
the reaction with Pd(PTA) 2 + complexes. 

The conductometric titration curve for the ternary complex of Pd(II) with P T A  
and glycine (Fig. 5) shows an initial decrease and an inflection at a = 3 which 
probably corresponds to the neutralization of H + ions resulting from the formation 
of Pd(II)-PTA. In the 4 ~> a ~> 3 range, the conductance increases slightly, supposedly 
due to the formation of a ternary complex associated with the release of a H + ion 
from glycine. Beyond a = 4, the conductance increases appreciably due to the 
presence of an excess of NaOH. 
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Fig. 6. Concentration distribution diagram of the Pd(II)-PTA-Penicillamine system; curves: 
(1) Pd(PTA); (2) Pd(PTA)(HA); and (3) Pd(PTA)(A) 

The equilibrium concentration distribution diagrams of the various complex 
species provide a useful picture of palladium(II) binding in the biological system. In 
all species investigated the concentration of the complex increases with increasing 
pH. That makes complex formation more favourable in the physiological pH range. 
The protonated ternary complex species have been found to be most favoured at 
lower pH values. In order to indicate the main features observed in the species 
distribution plots in these system, the speciation diagram obtained for Pd-PTA- 
penicillamine is shown in Fig. 6. 

Conclusions 

In combination of the data of the ligands of various functional groups, it seems to be 
possible to calculate the equilibrium distribution of the metal species in solutions 
where the ligands of various classes are present simultaneously. This would form 
a clear basis for understanding the mode of action of such metal species under 
physiological conditions. 

Experimental 

Materials and Reagents 

Propane 1,2,3-triamine" 3HC1 (PTA'3HC1) was prepared as described previously [24]. According to its 
elemental analysis, it was sufficiently pure. Glycine, alanine, proline, methionine, histidine.HC1, 
histamine" 2HC1, penicillamine, cysteine, imidazole, inosine, guanosine, glycyl-L-valine, and DL-leucyl- 
DL-alanine were obtained from Sigma. KaPdC14 was received from Aldrich. The concentration of 
a stock solution of PTA" 3HC1 was checked potentiometrically. A solution of K2PdC14 was prepared 
and estimated complexometrically [25]. The NaOH solution used for the titrations was determined 
with potassium hydrogen phthalate (Merck Chem. Co.). All solutions were prepared in deionized 
water. 
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Apparatus 

The potentiometric pH titrations were carried out on a Metrohm 686 titroprocessor equipped with 
a 665 Dosimat (Switzerland). The electrode was calibrated with standard buffer solutions prepared 
according to NBS specifications [26]. The electrolytic conductance was measured using a WTW LBP 
conductivity bridge (Germany). 

Procedures and measurin 9 techniques 

The acid dissociation constants of the ligands in the protonated forms were determined by titrating 
40 ml of aqueous ligand solution (1.25 x 10- 3 M) and NaNO 3 (0.1 M). The conditions of measurements 
for the determination of formation constant of the Pd-P TA complex were the same as before, but part 
of NaNOa was replaced by K2PdC1 , in the ratio Pd 2 + :PTA = 1 : 1. The conditions of measurements 
for the titration of the ternary complexes were the same as for the binary one, but the solutions 
contained equivalent amounts of PTA, Pd(II), and the other ligand (A). The stability constants 
KPd(PTA) for the ternary complex were determined using the data obtained within the pH range Pd(PTA)(A) 
corresponding to the complete formation of Pd-PTA complexes. Hence, in the calculation only 
complex formation between Pd-PTA and ligand A is considered and each of these systems could be 
treated as a binary one. The conductometric titration of the ternary complex of glycine was performed 
using a solution mixture prepared as that for the potentiometric titrations, but without NaNO s. All 
titrations were performed with standardized NaOH solution (~  0.1 M) at 25 °C in an atmosphere of 
purified N 2 using a titration vessel described previously [27]. 

The calculation were carried out using the computer program MINIQUAD-75 [28] running on 
a IBM-386 computer. The model selected was that which gave the best statistical fit and was chemically 
consistent with the titration data. Table 1 summarizes the obtained results. The concentration 
distribution of various complex species existing in solution as a function of pH was obtained using the 
SPECIES program [29]. 
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